Hypothermic machine perfusion preservation (MPP) has proven to be a successful technique for hypothermic kidney storage, however this technology has not successfully been applied to the liver. Recent research has indicated that the endothelial cells lining the liver sinusoids display rounding phenomena during MPP that is not fully understood. In order to gain a better understanding of endothelial cell shear stress response and the factors that induce rounding, a temperature-controlled micro-shear chamber has been designed and fabricated. The micro-shear chamber has been used to apply shear stresses, corresponding to those imposed during MPP, to rat liver primary endothelial cell cultures in order to form an understanding of how these stresses affect endothelial cell morphology. The chamber allows for the application of shear stresses ranging from 0.2 ± .01 dynes/cm 2 to 2.3 ± 0.3 dynes/cm 2 , corresponding to what occurs during MPP.] Twenty-four hour in vitro experiments with shear stresses ranging from 0 to 1.49 dynes/cm 2 at 4 ° C were conducted in order to replicate in vivo conditions of the liver during hypothermic MPP. It has been demonstrated that endothelial cell rounding increases with increasing shear and can be prevented by utilizing low flow rates.
INTRODUCTION
Due to the current crisis in organ donor shortages, new organ storage techniques are currently being researched (6) . Machine perfusion preservation is a method by which donor organs are perfused with preserving solutions at hypothermic temperatures (1) . This technology has improved kidney preservation and increased the donor pool by allowing the use of marginal donors including non-heart-beating donors.
This technology, however, has not improved preservation of livers. In a previous report (8) , increased vascular resistance was observed which would indicate reduced flow areas and rounded endothelial cells were implicated. The effects of shear stress on endothelial cells at hypothermic temperatures are currently unknown. To study this, an environment was needed where shear rates and temperature could be controlled and varied. A shear chamber was designed to allow for temperature control from 4° C to 37° C and a shear stress operating range from 0.2 ± .01 dynes/cm 2 to 2.3 ± .3 dynes/cm 2 . The shear stress imposed on endothelial cells during hypothermic MPP was determined by tracking fluorescent-labeled blood cells through the liver sinusoids. The measurements reported that the average flow velocity through 15 µm diameter sinusoids was 300 µm/s. This results in a shear stress of 1.79 dynes/cm 2 imposed on the endothelial cells. Using clean room photolithography and etching techniques a micro-shear chamber was designed to allow for the seeding of liver endothelial cells and for the imposition of varying shear stresses to these cells in a controlled temperature environment, resulting in an in vitro model for hypothermic liver MPP. This model was then used to gain an understanding of endothelial cell shear stress response at hypothermic temperatures.
MATERIAL AND METHODS

Micro-shear Chamber Fabrication:
The chamber consists of 10 parallel micro-channels with 1.45 mm -2.00 mm by 24 m cross sections. Two larger reservoir channels with cross sections of 1mm by 340 m feed into the micro-channels and are fitted with two 1 mm diameter through holes to provide for flow inlet and outlet. A schematic of the chamber can be seen in Figure 1 . Shipley 1800 photoresist was applied at 4000 rpm for 60 seconds to a 25 mm by 75 mm plain, clear borosilicate glass slide (Erie Scientific), resulting in a 1 m thick layer of photoresist. A patterned mask of 10 rectangular channels, each 10 mm long, ranging in width from 1.4 mm to 1.9 mm was then burnt into the photoresist-covered slide via ultraviolet light for 10 seconds. The resulting pattern was then inspected to insure quality edges and baked for 20 minutes at 90° C. After baking the slide was covered with a layer of BOE (hydrofluoric acid and hydrogen peroxide) for 2 hours. This process resulted in ten etched channels, 10 mm long, ranging in width from 1.45 mm to 2.00 mm and depths ranging from 24.07 m to 24.49 m as shown in Figures 4 and 5. The etched slide was then placed in a de-ionized water cascade for 30 minutes to remove the hydrofluoric acid from the surface. The slide was air dried and prepared for the reservoir channels to be added.
The larger reservoir channels act as a common supply line for the micro-channels. These larger channels were fabricated utilizing a high-speed spindle on a Bostomatic Computer Numerical Control (CNC) Machine. Using a custom designed vacuum chuck to hold the glass slide, the large channels were ground into the glass with a diamond-plated mandrel. The mandrel spun at 10,000 rpm with a feed rate of 12.7 mm/min and ground a depth of .0254 mm for each pass. After fourteen passes, a reservoir channel with a width of 1 mm and a depth of 340 m was formed as shown in Figure 2 .
The inlet and outlet holes were also produced using a diamond-plated mandrel on a Bostomatic CNC. The holes were ground at 10,000 rpm through the glass slide at a feed rate of 5.08 mm/min and with a drill depth of .1524 mm for each pass. Eight passes resulted in inlet and outlet through holes with a diameter of 1 mm. 
Temperature-controlled Base:
The temperature-controlled base was fabricated out of an aluminum block 40 mm by 115 mm by 12 mm using a Bridgeport Milling Machine. A 25 mm by 75 mm slot with a depth of 1 mm was milled out of the top of the aluminum block with a carbide end mill to provide a resting area for the micro-shear chamber. Two 0.8 mm diameter holes were drilled in the slot and counter sunk with a 1 mm steel counter sink to provide for an inlet and outlet for the flow in the micro-shear chamber. The inlet and outlet holes were then connected at ninety degree angles to two 3 mm diameter holes drilled from the side to act as supply lines for the inlet and outlet. A 5 mm diameter circular channel was then drilled through the base following the contours of the outer perimeter and was used for the coolant flow.
Testing and Calibration:
Testing was performed to determine any trouble areas and to determine the shear stresses applied at various flow rates. Water dyed with green food coloring was passed through the system to determine leakage and to verify that all ten micro-channels were receiving flow. Vacuum grease was used as a gasket between the etched glass piece and the coverslip; no leakage was observed. In order to determine the shear stress imposed on the endothelial cells at a given flow rate, the centerline velocity at that flow rate was measured for each channel. The flow-shear relationship was determined by the aspect ratio of the micro-channel cross sections using the Naviar-Stokes equation (9) The velocity is dependent upon the pressure differential along the channel length in the flow direction and its position within the channel:
Knowing the channel height and the centerline velocity for a given flow rate, the shear stress was determined to be:
With measured channel dimensions, the flow rates for individual channels can be resolved:
Summing these flow rates for ten channels gave the total flow rate needed to be provided by the pump and was calculated as:
The flow rate for the desired shear stress of 1.0 dynes/cm 2 was calculated to be 71.59 µL/min. In order to determine the shear stresses applied at a given flow rate, the corresponding velocities were measured through each channel. These velocities were measured by introducing FluoSphere polystyrene microspheres with 1 µm and 10 µm diameters (Molecular Probes, OR) that had been diluted in deionized water through the channels and filming the flow via a DAGE-MTI SIT 66 camera on an Olympus IX70 inverted microscope equipped with a 10 X objective. The fluorescent microbeads were then tracked utilizing Metamorph v4.6r3 software (Universal Imaging Corporation, PA) to determine the centerline velocities of each channel. A total of 30 microbeads were tracked over a five second time interval for each channel at 1, 5, 10, 20, 40, and 60 µL/min. The resulting shear stress graphs for the Hamilton 500 µL and 10 mL glass syringes are shown in the results as Figures 6 and 7.
Experimental Procedure:
The procedure began with endothelial cell isolation by elutriation from 350-gram male Sprauge-Dawley rat livers. Passages 2 -10 were then split and grown to confluency in collagen coated T-75 flasks. Once the endothelial cells in the flasks reached confluency, they were then split and deposited onto a collagen (type 6, diluted 1:5 with de-ionized water) coated 25 mm by 75 mm glass coverslip. After approximately one to two days, the cells had reached confluency and numbered 20 million per coverslip. A thin layer of biologically inert vacuum grease (Dow Corning) was then applied to the outer perimeter of the etched glass slide and the coverslip was attached to the slide completing the micro-shear chamber. The chamber was then primed with endothelial cell media and attached to the temperature-controlled stage via elastic rubber straps. The inlet and outlet lines of the base were primed and a Hamilton glass syringe fitted in a K.D. Scientific Syringe Pump was attached to the outlet tubing as shown in Figure 3 . The experiment consisted of two parts, the first replicating natural in vivo conditions of the liver. To replicate these conditions, endothelial cell media consisting of RPMI (Gibco), EC Growth Supplement, Heparin, Insulin, Dexamethasone (10mM), Gentamyacin, P/S/F 100x (antibiotic/ antimycotic), and Fetal Bovine Serum was pulled through the chamber at 40 µL/min (0.9 dynes/cm 2 ) at a temperature of 37 ° C for 1.5 hours. Although others (2, 5) have reported that a period of 3-6 hours is needed for alignment of stress fibers, our initial experiments did not see appreciable difference in EC shape change between the 1.5 and 3hr initial shear period. Given the length of the experiments, the 1.5 hr initial shear exposure at 37ºC was chosen. The second part simulated hypothermic MPP and incorporated varying shear from 0.49 to 1.49 dynes/cm 2 with the modified University of Wisconsin (UW) (7) solution consisting of lactobionic acid (100 mM), KH 2 PO 4 (100 mM), MgSO 4 (5 mM), raffinose (30 mM), adenosine (5 mM), allopurinol (1 mM), glutathione (3 mM), KOH (100mM), and NaOH (25 mM). After each experiment, the film was analyzed using Metamoph software. Applying a pseudocolor to the film allowed for a cellular count in the objective field of the before and after pictures. This technique was utilized in determining the percentage of cellular detachment. The software also allowed for calibrated cellular measurement. The cells that are considered rounded are those that have a length to width ratio of 1.2 to 1.3.
RESULTS
Micro-shear Chamber Dimensions and Calibration:
The 2 hour BOE etching results are displayed below in Figures 4 and 5 . The width and depth measurements were taken on an Alpha Step 200 surface profilometer and plotted versus channel number. The shear stresses imposed at a given flow rate are displayed in Figures 6 and 7 . Figure 6 shows the corresponding shear stress at flow rates of 1, 5, and 10 µL/min using a Hamilton 500 µL glass syringe. Figure  7 displays the corresponding shear stress at flow rates of 20, 40, and 60 µL/min using a Hamilton 10 mL glass syringe. In the first set of experiments, the cells experienced a shear stress of 0.90 dynes/cm 2 for 1.5 hours at 37°C followed by an applied shear stress of 0.49 dynes/cm 2 (20 µL/min)for 24 hours. The experiment resulted in 4% cellular rounding and minimal cellular detachment. A qualitative assessment of the rounding can be made as the rounded ECs display an increase in white light intensity. 
DISCUSSION
Machine perfusion has the potential to relieve the current donor organ crisis by providing improved preserved organs and allowing the recovery of marginal donor organs including non-heart-beating donors. This technology has not been successfully transferred to livers and a previous study implied that endothelial cell rounding may be a cause of damage (8) . To study the effect of shear stress induced by machine perfusion on endothelial cells requires a controlled environment where flow velocities and dimensions are known. In an in vitro system, these conditions are not easily controlled. A temperature-controlled micro-shear chamber was designed and fabricated to provide the correct environment to study the effects of shear at low temperatures on endothelial cell morphology. There are a number of shear chambers are being used in research today including the parallel plate and the micro channel shear chambers (3, 4) . Given our need for low temperature control and the high cost to produce the UW solution, our design is based on the micro channel chamber of Frame et al (3) and allows for minimal use of UW solution. The chamber also allows for temperature variation from 37 to 4ºC in a five-minute time span without changing the field of view.
The micro-shear chamber was tested and calibrated for flow conditions and shear stress. Three sets of experiments were performed and from these experiments it was determined that endothelial cell rounding was a product of high shear stress imposed at 4 ° C. A trend was discovered; as the shear stress increased a higher number of rounded cells were documented as well as increased detachment percentages. This shows that endothelial cell rounding may be reduced by lowering the flow rate and consequently the shear stress imposed by the preservative solution during MPP.
To further understand this rounding phenomenon we would like to include a rewarming step. We would also like to explore other flow rates and their corresponding shear stresses in order to determine how to eliminate this rounding phenomenon. After optimizing the flow we would like to apply what we have learned to the current MPP technique for liver preservation in hopes of prolonging preservation time.
